Genotypes responsible for interindividual differences in ability to activate or detoxify genotoxic agents are recognized as biomarkers of susceptibility. Among the most studied genotypes are human glutathione transferases. The relationship of genetic susceptibility to biomarkers of exposure and effects was studied especially in relation to the genetic polymorphism of glutathione S-transferase Ml (GSTM1). For this review papers reporting the effect of GSTM1 genotype on DNA adducts, protein adducts, urine mutagenicity, Comet assay parameters, chromosomal aberrations, sister chromatid exchanges (SCE), micronuclei, and hypoxanthine-guanine phosphoribosl transferase mutations were assessed. Subjects in groups occupationally exposed to polycyclic aromatic hydrocarbons, benzidine, pesticides, and 1,3-butadiene were included. As environmentally exposed populations, autopsy donors, coal tar-treated patients, smokers, nonsmokers, mothers, postal workers, and firefighters were followed. From all biomarkers the effect of GSTM1 and N-acetyl transferase 2 was seen in coke oven workers on mutagenicity of urine and of glutathione S-transferase Ti on the chromosomal aberrations in subjects from 1,3-butadiene monomer production units. Effects of genotypes on DNA adducts were found from lung tissue of autopsy donors and from placentas of mothers living in an air-polluted region. The GSTM1 genotype affected mutagenicity of urine in sm6kers and subjects from polluted regions, protein adducts in smokers, SCE in smokers and nonsmokers, and Comet assay parameters in postal workers. 
Introduction
Epidemiologic studies have indicated tobacco smoke, and diet. Individual susthat most human cancers are originally ceptibility to cancer may result from sevcaused by environmental exposure to eral host factors including differences in genotoxic agents. According to Doll and metabolism, DNA repair, oncogene and Peto (1) , up to 80 to 90% of all cancers tumor-suppressor gene activation, and are related to environmental factors, nutritional status (2) .
Groups of polycyclic aromatic hydrocarbons (PAHs), aromatic amines, and nitroso compounds are regarded as the most important environmental carcinogens. It is increasingly clear that genetic differences among individuals in the ability to modulate metabolism of these carcinogens may play a primary role in susceptibility to environmentally induced diseases (3) (4) (5) (6) (7) . Genetic polymorphism exists for a number of activating enzymes (phase I, represented by cytochrome P450 enzymes) and detoxifying enzymes (phase II). The relationship of genetic polymorphisms to carcinogenicity has been extensively studied for phase I enzymes on cytochrome P450 lAl (CYPIAJ) and cytochrome P450 2D6 (CYP2D6) genes or phase II enzymes on glutathione S-transferase M I (GSTMI) and N-acetyl transferase 2 (NA T2) genes.
The knowledge of the genetic basis for individual metabolic variation has revealed new possibilities for studies focusing on increased susceptibility to environmental cancer (8) . Individuals susceptible to various environmental carcinogens and mutagens could have greatly heightened genotoxic responses to exposures that induce little or no response in nonstisceptible individuals (9) .
Recently new knowledge about susceptibility to environmental hazards was reviewed at the 12th Meeting of the Scientific Group on Methodologies for the Safety Evaluation of Chemicals: Susceptibility to Environmental Hazards (10) . Several conclusions and recommendations were formulated, two of which are of particular interest. First, determination of susceptibility to chemicals in the workplace and general environment is becoming increasingly feasible through rapid advances in biologic sciences, particularly molecular biology. Parallel advances that have occurred in epidemiology, ecology, toxicology, and related sciences have greatly facilitated the understanding and measurement of susceptibility. Second, increased understanding of the pathways to chemical and physical agents leading to susceptibility of individuals, populations, and ecosystems in general is useful in protecting human health and the environment.
Olden (11) 
Genetic Polymorphisms of GSTM1
Among the most studied genotypes are human glutathione S-transferases (GSTs). GSTs are multigene families of enzymes involved in the metabolism of a wide range of electrophilic compounds of both exogenous and endogenous origin. GSTs generally are recognized as detoxifying enzymes because of their ability to catalyze the conjugation of these compounds with glutathione. Their primary function is thought to be the detoxification of reactive electrophiles (12) , but GSTs via their glutathione-dependent peroxidase activities also have an important role in free-radical scavenging, thus protecting the cell from deleterious effects of oxidative stress (13) . GSTs may also be involved in the activation process of some carcinogens such as haloalkanes and haloalkenes (14) .
Genetic susceptibility has been studied especially in relation to various biomarkers for genetic polymorphisms of GSTMI. The expression of GSTMI is inherited as autosomal dominant and between 40 and 60% of most populations express GSTMI (15) . It is believed that genetic polymorphism exhibited by GSTMI may be a factor in determining an individual's susceptibility to the toxic effect of various xenobiotics. The high activity of GSTMI to convert PAHs to epoxide metabolites is believed to be particularly important (16) . It was therefore suggested that these isoenzymes could serve as genetic markers for susceptibility to certain forms of cancer (17) (18) (19) (20) (21) (22) (23) . Recently the glutathione S-transferase TI (GSTTJ) gene has been identified (24) (25) (26) . This gene produces an enzyme, thus catalyzing detoxification of monohalomethanes. It is believed that homozygote individuals for the GSTTI-null allele will have altered cancer risk. Frequency of the null allele is expected to be between 10 to 30%.
The GSTMI gene is one of the most extensively studied genes related to metabolic polymorphisms and cancer risk. Seidegard et al. (27) total white blood cells in workers with noninducible CYPlAI genotype ml/ml and with combined CYPJAI-ml/ml and GSTMI-null genotypes (43) . The effect of these genotypes on micronuclei was not observed (42, 43) .
Another group exposed to PAHs was bus maintenance workers (garage workers exposed to diesel exhaust and mechanics exposed mainly to oils) (44) . There was no significant difference in the DNA adduct levels or mutant frequency by hypoxanthineguanine phosphoribosyl transferase (HPRT) between GSTMJ-null and GSTMJ-positive individuals or between the slow and rapid acetylators. In slow acetylators lacking the GSTM1 gene, significantly higher DNA adduct levels were observed. The exposure was dassified according to type ofjob: workers highly exposed to diesel engine exhaust, mechanics exposed mainly to engine and lubricating oils, and others, which included electrical workers.
A similar scheme was used to determine the effect of GSTMI and NAT2 genotypes on DNA adducts in Copenhagen bus drivers (45 
Dye production, benzidine workers n=30 The impact of occupational exposure to benzidine in relation to the GSTMI genotype was studied in workers currently exposed to benzidine (manufacturing benzidine dihydrochloride and benzidine-based dyes) by analyzing DNA adducts in the urothelial cells and urinary mutagenicity (51) . The GSTMI genotype had no impact on DNA adducts and urinary mutagenicity levels in these exposed workers. The authors concluded that the GSTMI-null genotype does not have any impact on bladder cancer caused by benzidine exposure.
Scarpato et al. (52) studied the impact of GSTM1, GSTTI, and NAT2 genotypes on chromosomal aberrations, SCEs, and micronudei in floroculturists exposed to different types of pesticides. The level of cytogenetic damage was not significantly affected by the agrochemical exposure of the subjects regardless of the level of pesticide used.
GSTMI, GSTTI, and NAT2 genotypes did not influence the level of cytogenetic damage among floroculturists and control subjects. Surprisingly, GSTMI-null individuals who smoked had higher frequencies of chromosomal aberrations than GSTMI-positive smokers. NAT2 polymorphism could not be related to any spontaneous or induced differences in the cytogenetic parameters studied. Later 
n=76 GSTM1
Mothers, placenta n=98 Cheng et al. (69, 70) observed the effect of the GSTM] genotype on SCE frequercy in nonsmokers; SCE frequency was higher in subjects of both sexes lacking this gene. A similar effect was not found in former or current smokers. In the same group the mutant frequency at the HPRTlocus (71) and micronuclei in human lymphocytes (72) were studied. Mutant frequency at HPRTand micronuclei frequency were not associated with GSTM] polymorphism.
Autrup et al. (73) determined the transplacental transfer of genotoxic material using a competitive ELISA assay to measure PAH-albumin adduct level in serum isolated from the mother and the umbilical cord. Air pollution measured by suspended particulate matter in the city of Aarhus, Denmark, between 1988 and 1990 was estimated on average to be 62 pg/m3. Protein adducts were related in decreasing order to rural areas, Aarhus, and suburban areas. The GSTMI genotype did not significantly alter the serum albumin adduct level.
The Comet assay, which determines DNA single-strand breaks, was used to evaluate the impact of air pollution in a polluted region. The assay used whole blood from mothers and umbilical cords (58) . No effect of the GSTM] genotype on comet parameters (as a percentage of DNA in tail or tail length) was observed (74) .
Topinka et al. (75) used human placentas to study DNA adduct levels in relation to the GSTM] genotype in mothers living in two regions with different average air pollution levels. Total DNA adduct levels were significantly higher in the polluted region and more pronounced in winter. Higher DNA adduct levels were detected in the group of mothers with the GSTM1-null genotype. This finding seems more relevant to subjects living in polluted industrial areas.
An environmental study that used personal monitoring of carcinogenic PAHs in a group of healthy women who worked outdoors was reported by Binkovai et al. (76) . The series of biomarkers included PAH metabolites in urine, urine mutagenicity, PAH Urinary PAH metabolites were significantly increased in GSTM]-null genotype subjects in the polluted district. In the Comet assay there was a significant increase of DNA percentage in tail and an increase of urinary mutagenicity associated with the GSTM]-null genotype, but the effect of personal exposures to PAHs on the variability of biomarkers was more pronounced than the effect of the GSTM] genotype. DNA adducts tended to show an increase in the GSTM]-null genotype.
In a group of firefighters (77) the level of PAH-DNA adducts measured by ELISA in white blood cells was not significantly related to GSTMI or CYPIA] genotypes. However there was a positive association between consuming charbroiled food and PAH-DNA adduct formation. These results suggest that the GSTMI-null genotype and CYPIA] exon 7 polymorphisms are not associated with increased susceptibility to PAH-DNA adduct formation in peripheral white blood cells measured by ELISA in nonsmoking populations.
Discussion
Literature on the effect of genotypes and different sites of cancer is extensive. However, only 34 recent papers were found that study the effect of GSTMI together with other genotypes on biomarkers of exposure and of effects related to occupational or environmental exposure to mutagens and carcinogens. Using a well-known paradigm of environmental cancer (78) , biomarkers for the entire spectrum of human genotoxicant interactions begin with exposure. Many papers lack data on air pollution measured during the same period that the blood samples were collected. With regard to occupational studies, only four papers (48, 49, 56, 57) have been found that compared biomarkers to personal exposures. This may be one of the reasons epidemiologists usually acknowledge the limitations of biomarkers in cancer epidemiology (79) .
Validated biologic markers of susceptibility can be used as effect modifiers in epidemiologic studies. Interpretation of effect modification depends on the statistical method (e.g., multiplicative or additive) used to model interaction. From the biologic perspective effect modification can explain why two similarly exposed individuals may not both develop a disease. In part the answer is individual variability in metabolic, detoxification, and repair capabilities (80) .
Possession (83) suggests that in the future other genotypes may also be found to be related to specific types of carcinogen exposure.
Another example is GSTTJ polymorphisms for 1,3-butadiene occupational exposure (57) . The fact that subjects with GSTTJ-null genotype have frequencies of chromosomal aberrations twice as high as GSTTI carriers means that GSTTI-null genotype subjects will have higher risk of malignancies (84, 85) . This agrees with reports (84, 85) showing that chromosomal aberrations are increased before clinical manifestation of cancer.
At present the most sensitive biomarker of exposure is thought to be identification of DNA adducts by 32P-postlabeling (86, 87) . However, no studies involving high exposure to PAHs found any effects of genotype on DNA adducts (Table 1) . Effects of GSTM1 and NAT2 were observed in coke oven workers on mutagenicity of urine (47) regardless of biomarker used; these effects, however, were restricted to the subgroup of smokers. Another effect was observed with GSTTI genotype affecting the frequency of chromosomal aberrations among workers from the 1,3-butadiene monomer production unit.
In an analysis of environmentally exposed populations, effects of genotypes on DNA adducts from lung tissue of autopsy donors (58, 59) and from placentas of mothers living in an air-polluted region were found (75) . GSTMI-null genotype increased the affected mutagenicity of urine in smokers (61) and in subjects from polluted regions (76) . A GSTMJ effect was also observed from other biomarkers in smokers on protein adducts (66) and SCE (64) , in nonsmokers on SCE (69) , and in postal workers on Comet assay parameters (76) . These results, however, appear too limited to allow any significant conclusion. DNA adducts were affected by GSTM1 in lung tissue of autopsy donors (58, 59 ) and in placentas of mothers (75); tissues in both cases correspond to the target tissue.
Vineis and Marton (88) speculated that the effect of genotype is more pronounced at low doses and that individual susceptibility is irrelevant under exceptionally high exposure conditions. If one compares the effects of genotypes on occupationally and environmentally exposed populations in Tables 1 and 2 , their idea appears consistent with the results of the reviewed studies.
Another important feature in epidemiologic studies may be an adaptive response, as originally demonstrated for ionizing radiation (89) . Coke oven workers are exposed to high concentrations of PAHs but their health risks do not correspond to the levels of carcinogen exposure. Experience with exposures in Eastern Europe indicates that the impact of pollution on human health is less dramatic than the sum of pollutants in these regions (90, 91) . Similar unexpected results were observed by Natarajan et al. (92) among Indians in Argentina who were exposed to high concentrations of arsenic but did not show any sign of chronic arsenic poisoning. These examples suggest an adaptive response in human populations-a response that surely is determined by genotype.
Our review covered several studies and analyzed the effect of genotypes, especially GSTMI, on biomarkers of exposure and effects for occupationally and environmentally exposed populations. Considering all studies with GSTMJ, we probably have not reached the the stage where results could be interpreted for preventive measures, e.g., to predict risk because of occupational exposure to mutagens and carcinogens, or to identify hypersusceptible workers and exclude them from working in jobs in which they may be exposed to high levels of carcinogens. The effect of genotypes was sometimes based on small sample size. For this reason further studies should consider the most suitable epidemiologic design for each biomarker (82) .
Conclusion
The impact of genetic polymorphisms as biomarkers of susceptibility is of key significance to the understanding of the process of genetic damage involved in mutagenesis and carcinogenesis. Studies published so far are promising. The relationship between genotypes, biomarkers of exposure, and biomarkers of effects could be important in risk assessment of human exposure to mutagens and carcinogens.
Probably, at least for proved human carcinogens, should be accepted: If the genetic polymorphism of genes responsible for detoxification pathways is known it is reasonable to suggest that subjects lacking these genes not 
